In the present study, myogenic properties of femoral arteries from control hindlimbs and those distal to external iliac artery partial ligation of spontaneously hypertensive rats (SHRs) and normotensive Wistar-Kyoto (WKY) rats were assessed. Arterial pressure was reduced distal to the ligature in both strains. Media thickness/lumen diameter (M/L) ratios of control (unligatured) SHRs were greater than in unligatured WKY rats and were reduced in arteries distal to the ligature (ligatured) within each strain. In none of the comparisons was a greater M/L ratio associated with greater maximal myogenic contractions, but increased M/L ratios were associated with a shift of myogenic activity to a higher pressure range in all comparisons. SHR ligatured arteries produced greater pressure-dependent contractile responses than WKY rat unligatured arteries, although arterial structures were not significantly different. Wall stress was similar in all arteries within the 60-120 mmHg pressure range with myogenic tone in spite of large differences in arterial structure. The utilization of arteries with experimentally altered structure provides further evidence that increased M/L ratios are not associated with greater peak pressure-dependent contractile responses and that arterial wall stress is maintained within a narrow range through an interaction between arterial wall geometry and smooth muscle contractile function.
INTRODUCTION
Arterial myogenic behaviour refers to pressure-dependent modulation of arterial tone. The myogenic response is the contraction in response to an increase in transmural pressure or a dilator response to a decrease in transmural pressure. As such, this behaviour contributes to blood flow autoregulation [1] . Investigation of myogenic behaviour in vivo is complicated by numerous other vasomotor influences, such as fluctuations in the production of endothelium-derived relaxing factors and neurohumoral influences. It is therefore desirable to utilize an in vitro approach to study pressure-dependent contractile responses in the absence of these confounding influences.
Vascular resistance is typically increased in hypertension [2, 3] and it may be hypothesized that the myogenic contractile response contributes to the raised resistance. In this regard, many comparisons of the myogenic responsiveness of arteries from spontaneously hypertensive rats (SHRs) or stroke-prone SHRs (SPSHRs) and normotensive controls have been made (for examples, see [4] [5] [6] [7] [8] ). However, such straightforward comparisons are limited by the fact that observed differences may reflect genotypic diversity unrelated to the hypertension. An alternative approach is to investigate myogenic behaviour of arteries taken from a particular strain of animal but with differing blood pressure (BP) histories, such as SHRs with and without antihypertensive treatment. Only one study [9] to date has investigated the influence of antihypertensive drug therapy upon arterial myogenic behaviour and provided evidence that BP reduction actually increased the pressure-dependent arterial contractile responses of SPSHRs to levels observed in normotensive Wistar-Kyoto (WKY) rats in a previous study [8] . Although this approach permits comparison of myogenic behaviour in rats of identical genotype, i.e. hypertensive and normotensive SPSHRs, it is faced with the possibility that altered myogenic behaviour was a drug effect unrelated to the lowered BP. A second alternative approach is to manipulate BP by partial constriction of an artery, which lowers BP distally [10] [11] [12] [13] and prevents the development of hypertensionassociated arterial structural changes [10] .
The present study was designed to investigate further the relationship between myogenic behaviour and arterial structure in SHRs and WKY rats by the additional utilization of arteries from SHR hindlimbs protected from hypertension and arteries from WKY rat hindlimbs rendered hypotensive by a partial upstream occlusion, which avoids potential drug-mediated effects unrelated to the antihypertensive effect. Furthermore, the comparison of the functional properties of SHR arteries distal to the ligature, with similar structure to those of normal WKY rat arteries, permitted an analysis of whether the differences in myogenic properties of SHR and WKY rat arteries are mediated by structural differences or other properties arising from genotypic diversity between the rat strains.
This work was presented, in part, at the 7th International Symposium on Resistance Arteries, held at Muskoka Sands, Ontario, Canada, between 4th-8th July 2001, and subsequently published in abstract form [14] .
METHODS

Animals
Male SHRs and WKY rats were obtained from Harlan UK (Bicester, U.K.) at 3-4 weeks of age and were maintained on standard rat chow with free access to tap water. All procedures carried out on the animals were performed according to Institutional Guidelines and under the Cruelty to Animals Act (1876) as amended by SI 17/94 to comply with the EC Directive 86/609/ EEC.
Surgical procedures and BP measurement
At 5 weeks, surgical anaesthesia was induced by an intraperitoneal injection of a mixture of Hypnorm and Hypnovel, which provided 0.26 mg of fentanyl citrate/kg of body weight, 8.25 mg of fluanisone/kg of body weight and 4.1 mg of midazolam/kg of body weight. Alternatively, surgical anaesthesia was induced by isoflurane gas (Forane) at a concentration of 5 %, mixed with oxygen, with a flow rate of 4 litres/min. Surgical anaesthesia was confirmed by loss of the flexion withdrawal reflex to paw pinch and was maintained using isoflurane at a concentration of 2 %.
The left or right external iliac artery was then exposed following a skin incision and a stainless steel wire (5 mm in length and 0.37 mm diameter) was placed alongside the artery. The wire was tied firmly to the artery with 4/0 braided silk suture and then removed, leaving a loose loop of fixed circumference around the artery. The incision site was closed with 4/0 sutures (Vicryl). Analgesia was provided by 0.3 mg of buprenorphine/kg of body weight (Temgesic) injected intramuscularly. This ligature procedure has been described previously [10] . As the animal ages, the loop gradually provides a partially constricting ligature. Sham operations do not influence arterial structure, reactivity or arterial BP [10] .
At 16 weeks of age, indirect systolic BP (SBP) recordings were made by tail-cuff plethysmography under quiet resting conditions using a Letica 5001 Indirect Blood Pressure Measuring Unit (International Market Supply, Congleton, Cheshire, U.K.).
At 18-28 weeks, rats were either killed by a stunning blow to the head, followed by cervical dislocation, prior to harvesting of arterial samples for in vitro investigations or they were prepared for the recording of femoral artery BP. In the latter case, surgical anaesthesia was induced by an intraperitoneal injection of a mixture of Vetalar and Domitor to provide 57 mg of ketamine hydrochloride/kg of body weight and 0.4 mg of medetomidine hydrochloride/kg of body weight. After confirmation of surgical anaesthesia as before, the femoral artery distal to the ligature or distal to the non-ligatured external iliac artery was exposed following a skin incision and a polyethylene cannula (Portex tubing 0.8 mm outer diameter, 0.4 mm inner diameter) was inserted into the artery and secured to it with 4/0 silk suture. The distal end of the cannula was exteriorized between the scapulae, flushed with saline containing 100 units/ml heparin and closed with a stainless steel spigot. Anaesthesia was reversed by 0.75 mg of atipamezole hydrochloride (Antisedan) administered intraperitoneally. Analgesia was provided as before and the rats were then housed singly.
Conscious BP recordings were made approx. 24 h later while the rats were unrestrained under quiet resting conditions using a pressure transducer (Grass Model PT300) connected to a chart recorder (Dash IV Model XL Four Channel Chart Recorder through a CP122 AC/DC Strain Guage Amplifier). All components of this system were obtained from AstroMed Inc., Slough, U.K. Another group of rats underwent bilateral femoral artery cannulation and BP recordings were made under anaesthesia (Vetalar/Domitor). After completion of the recordings, the rats were killed by cervical dislocation whilst under anaesthesia. These recordings were made to confirm significant BP reductions distal to the ligature within a particular animal.
In vitro experiments
Rats were killed by a stunning blow to the head followed by cervical dislocation. The hindlimbs were removed and placed in ice-cold physiological saline solution [PSS: 119 mmol/l NaCl, 4.7 mmol/l KCl, 25 mmol/l NaHCO 3 , 1.18 mmol/l KH 2 PO 4 , 1.17 mmol/l MgSO 4 , 0.026 mmol/l K 2 -EDTA, 5.5 mmol/l d(+)-glucose and 2.5 mmol/l CaCl 2 ]. Caudal femoral artery branches (third-order branches from the femoral artery) were dissected free post-mortem and mounted in an arteriograph (Living Systems Instrumentation, Burlington, VT, U.S.A.) for determination of active (in PSS) and passive (in Ca 2+ -free PSS) pressure-diameter relationships, as described in detail previously [4] . Arterial internal diameter and wall thickness were measured with a Video Dimension Analyzer (Living Systems Instrumentation) at each pressure during active and passive pressurediameter relationships. Measurements of the wall, media and lumen were made when the artery was at 100 mmHg in Ca 2+ -free PSS by light microscopy, as described previously [4] .
An attempt was made to use one artery from both hindlimbs of each rat but, for technical reasons, successful experiments could not always be performed on the two arteries. Each rat therefore provided one artery from the unligatured hindlimb and/or one from the contralateral ligatured hindlimb.
Calculations and statistics
Myogenic tone at a given transmural pressure was calculated as the difference in arterial internal diameter under passive conditions (Ca 2+ -free PSS) and active conditions (PSS). Normalized diameter was calculated as the ratio of active diameter (D active ) to passive diameter (D passive ) at each pressure; thus normalized diameter = D active /D passive and therefore permits assessment of contractile responses normalized for differences in passive arterial diameters.
Minimum normalized diameters were taken as maximum pressure-induced contractile responses, because they indicate the greatest fractional closure of the lumen regardless of the pressure at which the contraction occurs. Myogenic index (MI) is defined as the percentage change in diameter with step change in pressure and is therefore the slope of the active pressure-diameter relationship and was calculated as described previously [7, 15] ; thus MI = 100 × ( D/D)/ P, where D is diameter and P is pressure. A negative value indicates lumenal reduction in response to an increase in pressure. Peak MI was taken as the largest negative value determined for each artery.
Wall tension (T) at each pressure was calculated from the relationship between pressure (P) and radius (r), as described by the Laplace relationship: T = P × r. Wall stress (S) was calculated as S = T/WT, where WT is wall thickness at the pressure concerned.
Arterial cross-sectional area (CSA) was calculated from the equation CSA = π (r o 2 − r i 2 ), where r i is the radius of the lumen and r o is either the external radius of the wall for calculation of wall CSA (WCSA) or the external radius of the media layer for calculation of media CSA (MCSA), and calculated as the sum of the lumen radius plus wall or media thickness respectively. Mean arterial BP (MAP) was estimated as diastolic BP (DBP) plus one-third of the pulse pressure.
Body weights, ages and tail-cuff BP measurements were compared using Student's unpaired t test. Vascular structural measurements, peak contractile responses and femoral artery BPs were compared by means of oneway ANOVA and, where this indicated a difference among the means, by Student's unpaired t test modified appropriately by the false discovery rate procedure [16] for multiple comparisons. Pressure-diameter and pressure-stress relationships were compared using repeated measures ANOVA and, where this indicated differences, the parameters at each pressure were compared by Student's unpaired t test similarly modified by the false discovery rate procedure. Comparisons were considered statistically significantly different when P 0.05. Data are expressed as means + − S.E.M.
RESULTS
BP
The body weights of SHR and WKY rats were not significantly different, but hypertension was confirmed in the SHRs at 16 weeks by tail cuff plethysmography ( Table 1) . Examples of the influence of the ligature upon femoral arterial BP under anaesthesia are shown in Figure 1 . Conscious femoral arterial BPs determined in rats following cannulation of either the ligatured or unligatured hindlimb are shown in Table 2 . SHRs were characterized by increased MAP, DBP and SBP, and the ligature lowered these pressures in both SHRs and WKY rats. BP parameters in the ligatured hindlimb of SHRs were significantly lower than those of control WKY rat hindlimbs. Therefore, in the present study, normotensive SHR hindlimbs were not generated as had been reported previously [10] . 
Arterial structure
Arterial structures are shown in Table 3 . The two key observations are that the arterial structural differences between SHRs and WKY rats were not apparent when SHR ligatured arteries (SHRL) were compared with WKY rat unligatured arteries (WKYU), and that media thickness/lumen diameter (M/L) ratios were reduced in both strains by the ligature process. After correction for multiple comparisons, statistical differences between MCSA and WCSA of SHRL compared with those 
Pressure-diameter relationships
Pressure-diameter relationships are shown in Figure 2. SHRU were narrower than WKYU under passive and active conditions (Figure 2A ). SHRL were characterized by wider lumens under passive conditions compared with SHRU but, after tone development, pressure-diameter relationships differed only at the pressure extremes ( Figure 2B ). Pressurediameter relationships of WKYU and WKY rat ligatured arteries (WKYL) were not significantly different (Figure 2C) . SHRL achieved narrower active diameters than WKYU (P < 0.05; Figure 2D ). Myogenic activities expressed as pressure-(normalized diameter) relationships are shown in Figure 3 . SHRU demonstrated significantly greater normalized contractions compared with those of WKYU at pressures in excess of 160 mmHg ( Figure 3A ), but exhibited proportionally smaller contractions than those of SHRL ( Figure 3B ). SHRL displayed greater myogenic contractile responses than WKYU (P < 0.05) in spite of similar arterial structure, but not at any particular pressure ( Figure 3D ). Increased M/L ratios of WKYU compared with those of WKYL were not associated with significantly different myogenic contractions ( Figure 3C ).
Peak myogenic activity
Peak myogenic contractions in absolute terms (µm) were greater in arteries distal to the ligature in both strains and in SHRL in comparison with structurally similar WKYU (Table 4) . Minimum normalized diameters were not significantly different between SHRU and WKYU, and the arteries distal to the ligature in both WKY and SHR were characterized by smaller minimum normalized diameter values (i.e. relatively greater myogenic contractions), although statistical significance was only achieved in SHRs (Table 4 ). Peak MIs were significantly different among the four arterial groups (P < 0.05), but not between any two groups after correction for multiple comparisons (Table 4) .
Pressure-stress relationships
Whereas wall stress differed under passive conditions, in line with structural differences at 100 mmHg (Table 3 ),
Figure 3 Femoral artery pressure-(normalized diameter) relationships (A) SHRU () and WKYU (ᮀ). (B) SHRU () and SHRL (ᮀ). (C) WKYU (ᮀ) and WKYL (). (D) WKYU (ᮀ) and SHRL (
). *P < 0.05 at the pressure indicated.
arteries of differing structural and genotypic backgrounds achieved similar wall stresses at pressures associated with myogenic tone generation below yielding pressures (Figure 4 ).
DISCUSSION
The present study has addressed the myogenic properties of femoral resistance arteries of SHRs and WKY rats and was designed to investigate further the relationship between arterial structure and pressuredependent contractile responses. Previous observations [4] that the increased M/L ratio of SHR arteries is associated with a shift of the myogenic pressure range to higher pressures compared with WKY rats, but not with increased peak myogenic activity, have been confirmed. The present study has extended this investigation to SHR arteries with normalized structure and WKY rat arteries from hypotensive hindlimbs with significantly reduced M/L ratios. As was the case for the comparison of SHRU and WKYU, those arteries distal to a ligature with decreased M/L ratios compared with contralateral controls were characterized by a myogenic pressure range that was shifted to lower pressures. Furthermore, WKYU and SHRL with similar structures demonstrated negative slopes in pressure-diameter relationships at the 40-60 mmHg pressure step. Matchkov et al. [13] have also demonstrated that SHR arteries distal to a ligature are characterized by reduced M/L ratios and myogenic activity is shifted to lower pressures compared with contralateral controls, although the absence of data derived from WKY rat arteries in that study precludes an assessment of whether myogenic responses had been normalized.
In terms of peak myogenic activity, SHRU and WKYU behaved almost identically. The question which arises concerns the issue of whether any differences in myogenic activity between SHR and WKY rat arteries reflect functional differences related to structural differences or whether there is an intrinsic difference in arterial responsiveness to transmural pressure in WKY rats and SHRs. The present study addressed this question by generating SHR arteries with similar structure to those of normal WKY controls, and a leftward shift in the active pressure-diameter relationship was apparent in the thinner-walled arteries from the lower BP SHR hindlimbs, as was the case for the thinner-walled WKY rat arteries in the comparisons of SHRU/WKYU and WKYL/WKYU. In this regard, the finding by Osol and Halpern [9] , that arterial myogenic behaviour is related to the BP, has been confirmed in the present study and by Matchkov et al. [13] , but is extended by the absence of antihypertensive therapy and utilization of a model that also considers the genotypic background of the arteries in addition to arterial structure and BP history. To date, Osol and Halpern [9] have performed the only study that addressed the influence of antihypertensive therapy upon myogenic behaviour and they showed that treatment with an angiotensinconverting-enzyme inhibitor normalized SHR myogenic properties to those of WKY rats. It would seem, therefore, that abnormal myogenic behaviour in arteries from hypertensive animals may be a consequence of hypertension and not an intrinsic abnormality. Although such comparisons of SHR arterial pressure-dependent contractile responses with those of normotensive rat controls provide some insight into potential pathogenic mechanisms of hypertension, it is not possible to determine from these studies whether any differences in arterial myogenic behaviour provide a contribution to the hypertensive process in this animal model or if they are a consequence of the hypertension. Indeed, raised BP and altered myogenic activity may be epiphenomena. The present study was designed to address this issue by the generation of vascular beds with different BP histories by surgical means. This approach permits comparison of arteries of identical genotype, thereby avoiding one weakness of simple SHR/WKY rat comparisons, and avoids the possibility that antihypertensive therapy may influence arterial contractile properties in a fashion unrelated to arterial structural modification.
The increased arterial M/L ratio typical of hypertension [17] is commonly accepted as being of prime importance in the maintenance of hypertension, but the hypothesis that the increased M/L ratio typical of resistance arteries in hypertension does not provide a means for exaggerated contractile function based upon straighforward SHR/WKY rat comparisons [4, 7, 18, 19] is supported by the SHRU/WKYU comparison in the present study. But, more importantly, this hypothesis is significantly strengthened by the fact that, in the SHRU/SHRL and WKYU/WKYL comparisons, the arteries with greater M/L ratios did not provide evidence for greater peak pressure-dependent contractile responses. It is possible that the lumenal narrowing resulting from encroachment of the wall material into the fully relaxed lumen to increase the M/L ratio resets the control of resistance upwards so, for a given contractile response, there will be an increased resistance, i.e. the so-called amplifier effect [20, 21] .
The SHRU/SHRL and WKYU/WKYL comparisons clearly avoid the potential pitfall associated with SHR/WKY rat comparisons that another WKY rat genotypic property could account for similar contractile responses in spite of smaller M/L ratios. Evidence that the SHR arterial wall does possess an inherent increase in myogenic contractile responsiveness was provided by the observation that SHRL contracted to a significantly greater degree than WKYU. There could be an endothelial explanation in this regard. In various models of hypertension, similar, decreased or enhanced arterial myogenic activity has been observed depending upon the vascular bed and model of hypertension in question [22, 23] , and endotheliumderived vasoconstricting factors appear to account for enhanced myogenic contractile behaviour, at least in part [24] [25] [26] [27] . We attempted to address this issue by performing additional experiments utilizing deendothelialized arteries. However, in those experiments, the SHRL were characterized by significantly smaller M/L ratios than WKYU, which prevented a comparison of arteries with different genotype but similar structures (results not shown).
The data from the present study support those of previous studies [4, 13, 18] showing that the increased femoral M/L ratio does not provide a means for greater contractile responses. However, using the same ligature model but with assessment of the contractile function of wire-mounted arterial segments in a myograph, a positive relationship between the M/L ratio and maximal contractile function has been demonstrated [10] . In consideration of how this discrepancy could arise, it has been postulated that contractile responses under isobaric conditions, as occurring in the present study, reduce total wall tension as predicted by the Laplace relationship, which would reduce subsequent tone-generating capacity [28] . Furthermore, during the contractile response, the arterial wall thickens which, in association with reduced wall tension, would reduce total wall stress further. Wall tension or a related variable such as stress, rather than pressure or diameter, is likely to be the stimulus for myogenic activation [29] . Given that wall stress at estimated MAPs is similar in SHR and WKY rat femoral and mesenteric small arteries under active conditions [4] , it is possible that wall stress is the key determinant of myogenic tone. In support of this hypothesis, the present study utilized four arterial groups with significantly different structure under passive conditions. They achieved remarkably similar values for wall stress when myogenically active, but not at the pressure extremes where tone was absent or yielding occurred. Coupled with the flat pressure-stress relationship across a wide range of transmural pressures it is possible that the contractile response to pressure is regulated to maintain wall stress within a narrow, possibly optimal, range. This concept has been discussed previously in respect of arterioles in vivo [30] and small arteries in vitro [4, 13, 31] .
Consideration of model
Partial occlusion of an iliac artery lowers BP in the ipsilateral femoral artery in normotensive and hypertensive rats and prevents or reverses some of the structural and functional alterations of hypertensive arteries [10] [11] [12] [13] . Similarly, BP reduction by partial arterial ligation is associated with reduced distal vascular resistance [32] [33] [34] .
Although the structural differences between the four arterial groups are in line with BP differences, confirming previous observations [10] , it is not possible to ascribe the structural differences solely to the pressure differences. Changes in flow may be a contributory factor. Blood flow reduction or increase results in lumenal narrowing or widening respectively [35] [36] [37] [38] . However, if flow is altered by the presence of the ligature, a flow reduction would be expected, but lumenal widening was apparent. The ligature might also interfere with the sympathetic nerve supply to distal vessels and thus reduce trophic stimuli [39] [40] [41] . Although this possibility cannot be dismissed, it should be noted that the purpose of this technique was to produce vessels of different structure but unchanged genotype. Consequently, knowledge of the precise mechanism by which structural differences arose within each strain is not critical.
In summary, the present study has confirmed that the increased M/L ratio of SHR arteries does not provide a means for exaggerated pressure-dependent contractile responses. This argument has been strengthened by the generation of arteries with smaller M/L ratios in both hypertensive and normotensive rats, and such arteries do not exhibit smaller myogenic contractile responses. Differences in arterial wall geometry are related to the maintenance of normal wall stress, and a shift in myogenic activity to a higher pressure range is observed in arteries with greater M/L ratios regardless of the origin of the arteries under consideration. The data are also consistent with the hypothesis that arterial structure adapts to the prevailing BP which, in turn, provides a means to maintain appropriate myogenic contractile ability.
